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ROAD LOAD SIMULATOR TESTS OF THE GOULD PHASE I FUNCTIONAL MODEL SILICON 
CONTROLLED RECTIFIER ac MOTOR CONTROLLER FOR ELECTRIC VEHICLES 

Francis Gourash 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

Under contract, DEN 3-60 sponsored by the Department of Energy (DOE) and 
managed by NASA Lewis Research Center, the phase I functional model silicon 
controlled rectifier (SCR) ac motor controller was developed by Gould Labora- 
tories of Gould, Incorporated. This controller was developed to demonstrate 
the use of state-of-the-art power SCR semiconductors and a microprocessor- 
based logic and control system in an ac motor controller for electric vehicle 
propulsion systems. The controller and its steady state characteristics are 
described in the contractor's report DOE/NASA/0060-82/1, NASA-CR-167919. This 
report complements the contractor's report and discusses the results of dynamic 
and steady state tests of this controller on the Lewis road load simulator. 

The dynamic tests were performed under simulated vehicle driving condi- 
tions in accordance with the Society of Automotive Engineers test procedure 
J227a (SAE-J227a) driving cycle schedules. Road loading was adjusted to simu- 
late a vehicle weight of 1567 kg (3456 lb), rolling tire radius of 0.267 m 

(0.875 ft), and zero grade on a smooth road. Tests were run in fixed overall 

gear ratios of 8.22:1 and 19.68:1. Steady state tests for motoring, regenera- 
ting, and thermal data were run by operating the road load simulator as a con- 
ventional dynamometer. 

Test results verify the feasibility of ac motor controllers with state- 
of-the-art power SCR semiconductors and microprocessor-based logic and control 
circuits. They also show that the functional model controller has the power 
capability to meet the SAE-J227a schedule D driving cycle requirements and 
accelerate a vehicle to a cruise speed of 88.5 km/hr (55 mph). Its regenera- 
tion capability will reduce the energy requirements of electric vehicles by 

returning braking energy to the battery. The combined motor controller effi- 
ciency during the cruise region of the D cycle is 72 percent; efficiency of the 
power inverter for this same region is 89 percent. Observed improvements in 
schedule B driving cycle performance in a higher overall gear ratio of 19.68:1 
may be applicable to schedule D driving cycle performance by the use of a two- 
speed transmission. Since most electric vehicle propulsion systems to date 
have used dc motors and controllers, the dynamic and steady state test results 
provide a data base for further development of ac motor controllers and pro- 
pulsion systems. 

A phase II engineering model of this controller developed by Gould under 
contract DEN 3-249 uprates the power for diesel equivalent vehicle performance 
and incorporates integral onboard battery -charging capability. The inverter 
module package is redesigned for smaller volume, lower weight, and improved 
thermal management. Improved components are used in the commutation circuits. 



INTRODUCTION 


Th f road ] ?f d simulator (RLS) is a unique facility at NASA Lewis Research 
tenter that facilitates dynamic testing of components and complete propulsion 
systems for electric vehicles (ref. 1). It enables the application of road 
loads normally experienced in a vehicle to a propulsion system so that an in- 
vestigation and evaluation of a component's performance and interaction with 
the system under dynamic driving conditions can be made. This facility was 
used to test the phase I functional model silicon controlled rectifier ac motor 
controller and its load motor. This report, therefore, is a test report that 
presents and discusses the effects of dynamic testing on the internal parame- 
ters of the dc power source, the controller, and load motor considered as a 
subsystem of the overall propulsion system. These data are significant to fu- 
ture continuing development of ac propulsion systems since, prior to this time, 

most electric vehicles used dc motors and dc controllers for their propulsion 
sys if ciTis . 


The phase I functional model SCR ac motor controller was developed by 
Gould Laboratories under contract DEN 3-60 sponsored by the Department of En- 
erg / Thls contact was initiated by Lewis in 1979 and represents, in 

part, NASA s support to the DOE Electric and Hybrid Vehicle program. The pur- 
pose of this contract was to demonstrate the feasibility of and develop the 
technology for an ac motor controller using low-cost, state-of-the-art power 
5CK semiconductors with microprocessor-based logic and control circuits. The 
load motor for the controller is a conventional ac induction motor. There- 

nnfin 1 ft?/i Un N«? n ?D 1 ??5 , Qi 1 Q C0 ? tr ? 11 IT is described in th ® final report (DOE/NASA/ 
0060-82/1, NASA-CR-1 67919, (ref. 2)). This test report presents additional 

data and complements the contractor's report. 


Results for RLS tests in accordance with the Society of Automotive Enqi - 
ne 5 r j-^ es ^ Procedure J227a (SAE-J227a) driving cycle schedules are presented 
and discussed. Emphasis is placed on the schedule D driving cycle and vehicle 
acceleration to a speed of 88.5 km/hr (55 mph) since the controller design was 
based on achieving these performance characteristics. Results for schedules B 
and C driving cycles are also included. Results of thermal tests under two 
different operating modes of the controller are presented, and steady state 
test results for motoring and regeneration operating modes of the controller 
and motor are presented in appendixes B, C, and D. Steady state tests were run 
by operating the RLS as a conventional dynamometer. Appendix A defines the B, 
C, and D driving cycle schedules and the road loading for the dynamic tests, 
brief descriptions of controller circuits, motor, test layout and procedures, 
and instrumentation are included. Operational test problems experienced in the 
test program are described. Concluding remarks are based on results obtained. 

A description of the phase II follow-on engineering model of the controller is 
a! so included. The primary units in this report are of the International Sys- 
tem of Units (SI); correspondi ng conventional units are given in parentheses 
and as separate axes for curves and graphs. 




CONTROLLER MOTOR SYSTEM 
System Concept 

The concept for the functional model controller and motor system uses a 
dc-to-three-phase inverter to power a conventional three-phase squirrel cage 
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induction motor. The motor is modified for high-speed operation in conjunction 
with a fixed ratio transmission for the propulsion system. The inverter produ- 
ces three-phase power at variable voltage and frequency to provide the motor 
speed and torque demands over the motor's operating ranges. The control strat- 
egy is a standard motor slip control technique with motor voltage control for 
constant air gap magnetic flux (V/Hz) operation of the motor. The motor slip 
frequency is proportional to the torque demand from the motor, and the motor's 
rotor speed is fed back to logic circuits by an optical tachometer mounted on 
the motor shaft. The two frequencies are summed to determine the excitation 
frequency applied to the motor and its resulting synchronous speed. Motor 
voltage is controlled by pulse width modulation (PWM) of the dc source voltage 
in the constant torque region of operation for motor speeds from zero to the 
base speed of the motor. At higher motor speeds the voltage applied to the 
motors is a variable frequency quasi-square wave of constant amplitude deter- 
mined by the battery voltage. This region of operation results in a constant 
horsepower mode of operation at decreasing motor air gap magnetic flux. Motor 
slip is positive for motoring operation and is negative for regeneration during 
braking operation. A negative motor slip is produced by decreasing the motor 
excitation frequency below the motor rotor's rotational frequency. 


Inverter Power Design Considerations 

The inverter power stage was designed to a power capability for a 1587-kg 
(3500-lb) vehicle to meet the SAE-J227a schedule D driving cycle requirements 
and for a cruising speed of 88.5 km/hr (55 mph). Direct current power is to 
be obtained from a battery pack consisting of 20 conventional lead-acid 6-V 
battery modules. The 20 modules are series connected for a nominal dc oper- 
ating voltage of 120 V. 

A fixed ratio transmission with an overall gear ratio of 9.8:1 was inten- 
ded for the propulsion system using this motor and controller and was consid- 
ered in the design of the power inverter. Additional vehicle parameters that 
were considered are a vehicle frontal area of 1.86 nr (20 ft^), 0.33-m (13-in.) 
diameter wheels, and an aerodynamic drag coefficient of 0.30. 


Component Descriptions 

Brief descriptions of the inverter, control circuits, and load motor will 
be given since complete descriptions are presented in the final report (NASA- 
CR-167919). 

Power inverter . - The schematic circuit diagram of the power inverter is 
shown in figure 1. This is a conventional three-phase bridge circuit consist- 
ing of power SCR semiconductors SCR1 to SCR6 and power reactive diodes D1 to 
D6. The reactive diodes provide current paths for continuity in the flow of 
reactive motor currents and also for the transfer of braking energy to the bat- 
tery during regeneration operation of the motor and vehicle braking. The in- 
verter circuit uses bus commutation to commutate the bridge SCRs. The positive 
bus SCRs (SCR1 , SCR3, SCR5) are commutated off together by gating and firing 
SCR7, and the negative bus SCRs (SCR2, SCR4, SCR6) are commutated by SCR8. Ex- 
cess commutation energy is recovered and returned to the battery through auxil- 
iary windings TIC and T2C on the commutation transformers and SCR9 and SCR10. 
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The inverter provides the three-phase power at variable voltage and fre- 
quency to operate the motor over its speed and torque ranges. The inverter 
produces a PWM motor voltage for constant V/ Hz and constant torque operation 
of the motor, and a quasi -square wave motor voltage at high motor speeds for 
constant horsepower motor operation. 

Control circuits . - The inverter operation and switching are directed by a 
control strategy that uses both slip frequency and motor air gap magnetic flux 
control. Two control loop circuits, a frequency loop and a voltage loop, under 
the supervision of a Motorola 6802 microprocessor and appropriate algorithms, 
implement this strategy. In the frequency loop, the slip frequency is added 
to the rotor rotational frequency which is fed back by the optical tachometer. 
The sum of these two frequency signals determines the excitation frequency ap- 
plied to the motor. The summation is made in a phase-lock-loop circuit. The 
phase-lock-loop technique is used for accuracy and stability considerations be- 
cause the summation involves a low slip frequency and a much higher rotor 
frequency. 

The voltage loop produces the PWM gating signals required for constant air 
gap magnetic flux operation of the motor and also those for motor operation 
with quasi -square wave voltages. The sine-triangle technique is used to gen- 
erate the PWM signals. In its basic form this technique compares a sine wave 
signal with a triangular wave form signal at the input of a voltage level de- 
tector. The output from the detector changes its state when the magnitudes of 
the two input signals are equal, that is, intersect each other. The technique 
is illustrated in figure 2 for triangle/sine frequency ratios of 9:1 and 27:1. 
The resulting output from the detector is the square wave pulse train shown as 
motor voltage. The fundamental frequency of the motor voltage waveform is the 
frequency of the sine wave for both ratios shown. 

The Gould controller uses high pulsing rates of PWM at low motor speed to 
minimize harmonic motor currents and pulsating torques. The pulse rate is 
changed by changing the frequency of the triangular waveform signal as illus- 
trated in figure 2 for the two triangle/sine frequency ratios. In this con- 
troller the pulse rate is changed in discrete triangle/sine ratios of 81:1, 

63:1, 45:1, and 27:1 over a motor speed range from 0 to 86.4 rad/sec (825 rpm). 
For higher motor speeds extending to the transition from PWM to quasi-square 
wave operation the triangle/sine ratio is fixed at 9:1. Photographs of sine, 
triangle, and PWM waveforms from the functional model voltage loop circuit for 
three motor speeds are shown in figure 3. 

The magnitudes of the sine and triangle signals are determined by algo- 
rithms in the microprocessor circuit. For quasi -square wave motor voltage op- 
eration the magnitudes are increased to saturate the level detector. The volt- 
age waveform then is a quasi -square wave of constant amplitude but of variable 
frequency determined by the frequency of the reference sine wave. Photographs 
of this waveform are shown in figure 57 of appendix B at motor speeds of 4316 
and 4995 rpm. Notches in the waveform result from bus commutation of the in- 
verter SCRs. The series of photographs of motor voltage and current in this 
figure illustrate that the transition from PWM to quasi-square wave operation 
is not an abrupt transition but takes place over a wide range of motor speed. 

In addition to the loop control functions described, the microprocessor 
also performs the tasks of logic sequencing, thermal protection of power com- 
ponents, and interlocking against damaging commands. 
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Motor. - The motor selected as a motor load for the functional model con- 
troller is a standard line Gould E+ motor. It is a three-phase, four-pole, 
cast aluminum squirrel cage induction motor. The National Electrical Manufac- 
turers Association (NEMA) frame designation is 215 totally enclosed and non- 
ventilated (TENV). The nominal horsepower rating is 10 hp at 230 V and 60 Hz. 
The motor was modified to operate over a speed range of 0 to 838 rad/sec (8000 
rpm). Modifications consisted of replacing the bearings with class C clearance 
bearings, removing the rotor cooling fins, balancing the rotor for high speed, 
and rewinding the motor for 36 V at 60 Hz. 

Fabricated components . - The components fabricated for the functional 
model controller and motor system are shown in the photograph in figure 4. 

This photograph shows the motor, inverter, and control module. The small box 
atop the control module contains a switch to simulate the forward-neutral - 
reverse directional selector of a vehicle and potentiometers to simulate the 
accelerator and brake pedals. Figure 5 is a photograph of the inverter and 
control modules with their covers removed. 


Test Layout, Instrumentation, and Procedures 

Layout . - A sketch of the general test layout is shown in figure 6. An 
available transaxle with suitable gear ratios was used for motor speed reduc- 
tion for compatibility with the RLS input speed requirements. The transaxle 
from the Eaton Corporation ac propulsion system (refs. 3 and 4) was used for 
this purpose. The motor and transaxle are coupled to the RLS through the input 
gearbox as shown. Road load is provided by the hydroviscous absorber, and ve- 
hicle inertia is simulated by the inertia wheels of the RLS. Transducers meas- 
ure motor output torque and speed and transaxle output torque and speed applied 
to the RLS. The motor and controller inverter module are cooled by forced air 
blowers. The cooling fixture for the inverter is wedge-shaped to direct the 
air flow over the rear-mounted commutation transformers. A vent was fabricated 
in the inverter module front cover to exhaust the internal fan circulated air 
flow. 


Direct current power was obtained from either the 120-V battery pack or 
the battery simulator supply by a selector switch. The simulator supply is a 
dc motor generator set with a large output filter capacitor bank. It provides 
a variable dc output voltage and circumvents the problems of state-of -charge, 
temperature, discharge rates, and recharging normally experienced with batter- 
ies. The instruments were mounted in an instrument rack and the test data 
were collected and processed by the Lewis data system. Tests were controlled 
from the adjoining control room which also contained local monitors and 
instrument readouts. 

Photographs of the actual layout are shown in figures 7 and 8. Figure 7 
is a photograph of the input to the RLS showing the test controller at the 
right. Figure 8 is a closeup view showing the motor and transaxle coupling to 
the RLS. 

Instrumentation . - A sketch of the instrumentation is shown in figure 9. 
The instrument list in table I defines the test parameters measured, identifies 
the instruments used, and gives the respective scale ranges. The symbol column 
identifies the parameters as they are processed by the data system. 
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Motor and battery currents are sensed by coaxial current shunts, and pre- 
cision wattmeters measure dc and ac motor power. The three-wattmeter method 
was used to measure the three-phase motor input power. The wattmeters are 
high-rate sampling instruments and determine the average power over the samp- 
ling interval. Currents and voltages are measured by rms reading digital in- 
struments. Torque and speed are measured by transformer coupled torque trans- 
ducers; separate data processors for these units also produce a readout of 
mechanical power in kilowatts. Slip frequency and motor excitation frequencies 
are sensed in the logic circuitry of the controller. Fibre optic devices iso- 
late and transmit these measurements for processing and readout. Standard 
thermocouples are installed within the inverter power module for temperature 
measurements and the motor came equipped with three thermocouples installed 
within the motor windings. All instruments used are rated for an accuracy of 
1 percent. 

Data system . - Lewis's ESCORT system was used for data acquisition. This 
is a high-speed sampling system that records raw data on tape and has limited 
computational capability for local display and monitoring of selected processed 
data. The recorded data is transmitted to an IBM 370 computer for complete 
processing. It is batch processed and then stored in a data base where it can 
be utilized in different forms. The computer-plotted curves in this report 
were plotted from such a data base. 


Test Procedures 

Dynamic tests . - The dynamic tests were run in accordance with the SAE- 
J227a, schedules B, C, and D driving cycles. These schedules are shown in ap- 
pendix A. The road load was set to comply with the gear ratios of the Eaton 
transaxle and with the same vehicle characteristics that were used to test the 
Eaton propulsion system. These vehicle characteristics are as follows with 


gear ratios of 8.22:1 and 19.68:1. 

Weight, kg (lb) 1567 ( 3456 ) 

Aerodynamic drag coefficient (Cd) q.46 

Frontal area (A), m 2 (ft 2 ) ( 19 . 6 ) 

Tire radius, m (in.) 0.267 (10.5) 

Tire rolling resistance per unit of vehicle weight, 
kg/kg (Ib/lb) 0.0095 (0.0095) 


The road load for these conditions and vehicle speeds up to 88.5 km/hr (55 mph) 
are shown in figures 53 to 55 in appendix A. This loading was held constant 
for all driving cycle testing. 

Since vehicle braking is a total vehicle system consideration and was not 
addressed in this first functional model controller, it was necessary to exper- 
imentally adjust the braking provided by the RLS to run the cycle tests. This 
was done by running each driving cycle with an overall gear ratio of 8.22:1 and 
adjusting the braking effort of the RLS to the braking interval requirements of 
the cycles. Under these conditions the RLS is providing approximately 80 per- 
cent of the required braking effort. 
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The dynamic tests were run in each of the two-gear ratios with power from 
the battery simulator supply and the 120-V battery pack. Data were recorded in 
a continuous scanning mode for each test. An 8-channel Brush recorder moni- 
tored critical parameters of each test. 

Steady state tests . - Steady state tests were run by operating the RLS as 
a conventional dynamometer in both constant speed and constant torque operating 
modes. Direct current power was obtained from the 120-V battery pack and the 
battery simulator supply. Tests were run in each of the two-gear ratios for 
both motoring and regeneration operating modes of the motor. The regeneration 
tests were run with the battery initially predischarged to a 40-percent state- 
of-charge level. Each test point was recorded by 10 scans of the data system. 
The 8-channel Brush recorder monitored each test. 


TEST RESULTS AND DISCUSSION 

The overall test results address the schedules B, C, and D driving cylces, 
the effects of power supply characteristics and source voltage variations, ve- 
hicle acceleration to 88.5 km/hr (55 mph), a comparison of performance in the 
two overall gear ratios, and thermal performance of the controller and motor. 
The results will be presented in accordance with the driving cycles that were 
used for the separate tests, and the discussions will address separate regions 
of the cylces ( i . e . , acceleration, cruise, and braking). Efficiency, energy, 
and stability characteristics will be discussed for various regions. 


Schedule D Cycle Performance 

The performance of the functional model controller and load motor as de- 
termined by RLS tests to SAE-J227a schedule D driving cycle requirements is 
shown by the series of curves in figures 10 to 25. Tests for these data were 
run in the 8.22:1 overall gear ratio, and the dc power was obtained from the 
battery simulator supply. 

Propulsion system speed response . - The propulsion system's speed response 
to a command for the schedule D cycle is shown in figure 10. The system in- 
cludes the controller, load motor, and the transaxle. The curve is a two-axis 
recording of measured transaxle output shaft speed as a function of time. The 
axis is presented as vehicle speed in mph and is determined from the measured 
speed and rolling radius of the tires. The adjacent Y-axis scale of motor 
speed in rpm is included for reference, and the actual measured motor speed 
for this same cycle is shown in the computer-plotted curve in figure 11. 

With the exception of the acceleration region, the response curve in fig- 
ure 10 follows the commanded response very closely in the cruise, coast, and 
brake regions of the D cycle. The acceleration region and the oscillation 
shown at the completion of the brake region will be discussed in subsequent 
sections of the D cycle performance. The zero offset of the response curve in 
figure 10 is due in part to clutch slippage in the transaxle since vehicle 
speed is measured at the transaxle output shaft. Additional zero offset delays 
result from logic sequence functions in the controller and the time required 
to establish a breakaway torque in the motor. The zero offset for the curve 
in figure 11 does not include clutch slippage because the ordinate is the meas- 
ured motor shaft speed. This offset, however, includes the logic sequencing 
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and breakaway torque delays. It also includes a delay due to the qraphics plot 
routine which contains a minimum plotting threshold level. 9 P P 

+u Acceleration region. - Neglecting zero offset, the acceleration times for 

CUrV6S in figures 10 and 11 are approximately 32 sec and deviate 

flections^ n t'hVSf. /»? ' rat ' #n ' Deviation results largely from the in- 
flections in the middle of the response curves. These inflections are approxi- 

4 SeC J n r dth (corresponding to the deviation) and are traceable 

fia^es 2 S n m w r ifi° rqUe ’ ct i r . rer \ t * a " d shaft Power characteristics shown in 
igures 12, 13, and 16, respecti vely. The current limiting of the battery cur- 

rent at a level of 330 A (fig. 14) is also contributing to the acceleration 
time by limiting the motor shaft power to 38.5 hp during the latter stages of 
e acceleration region. The calculated horsepower requirement for constant 

0,72 m/s< r c2 f. 2 * 36 ft /sec 2 ) to the cruise speed is 39.5 hp. The 
rZua f batt f. ry current ^d battery power (figs. 14 and 15) follow the motor 
curves during the acceleration region. The motor frequency curve for the cycle 
is shown in figure 18. Frequency is linearly proportional to motor speed. Y 

Dips in the motor torque, current, and power characteristics are peculiar 
to not only the dynamic performance but are also evident in the steady state 
motoring and regenerative operating mode characteristics shown in appendixes 

pwm +n a r d 2 ° : The dipS 0C f Ur 0ver a motor speed ran 9 e which coincides with the 

PWM to quasi -square wave transition region of the controller. This ranqe ex- 

tends from approximately 262 to 471 rad/sec (2500 to 4500 rpm). Typical cur- 
rent and voltage waveforms illustrating this transition are shown in figure 57 
or appendix b. 

/ - c °( ltract 0'" has reported similar dips in his peak torque and power data 

(ref 2). His explanation is that in the transition region the voltage requests 
tor the motor are modified by interactions of the PWM algorithm and the SCR 
commutation logic so that the fundamental component of motor voltage chanqes. 

The slip frequency and motor voltage curves in figures 17 and 19 tend to con- 
firm this explanation; the slip frequency is constant at 3 Hz indicating a com- 
mand for constant torque for acceleration, but the voltage curve levels off 
abruptly in the transition region (fig. 19). 

The speed control loop for the RLS tests was closed by feedback of motor 
speed. The curve in figure 10, however, is for the total propulsion system 
r fh P °i nSe an + in fu Ud ? s transaxle and gearing characteristics. In a practical 
vehicle system the loop is closed by the operator and the total system response 
is under his control. Providing the power capability is adequate, the operator 
htV°?E enS H te for . factors impeding response (i.e., inflections, hesitations) 
^r,^i' t + h r t k ePreS + S1n 1 9 1 the ap celerating pedal, thereby increasing the error 
signal to the controller. It will be shown in a subsequent section that this 
functional model controller has the power capability to meet the schedule D 
re ^ 1re ment so that the significance of the observed inflections 
elative to acceleration is questionable and can be compensated for by an 

. -§£ a jil^9_.r- e 9 i 0 C • - The division of braking between electrical regenerative 
SpcLh"? me ^ a nical brakes is a total vehicle system problem and was not 
addressed for the functional model controller. The braking performance shown 
fn^ 0 he - CyC + ° performanc ; e curve (fig. 10) is due mainly to the RLS and, there- 

itv ’ The> r '°t r ® prese ] ltative of The controller's regenerative braking capabil- 
ity. The steady state regeneration mode curves in appendix D, however, show 
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that the functional system will provide regenerative braking down to vehicle 
speed of 12.9 km/hr (8 mph). The shape of a required braking characteristic 
with mechanical brake blending for a given vehicle is dependent to a large ex- 
tent on the peak power capabilities of both motor and controller and the peak 
current capabilities of the power semiconductors. 

Stability . - The schedule D cycle tests show a low-magnitude, low- 
frequency, motor shaft oscillation at the end of the braking period and essen- 
tially at zero vehicle speed (fig. 10). This oscillation is believed to be 
caused by a phase shift and gain adjustments in the phase-lock loop of the 
frequency control circuit. Circuit corrections can be made to eliminate or 
reduce the oscillations to a minimal tolerable level. 


Cruise Region Performance 

The cruise region of the schedule D driving cycle is a constant vehicle 
speed of 72.4 km/hr (45 mph) for a 50-sec time interval. This region corre- 
sponds to steady state operation of the motor and controller at a constant 
motor speed of 620 rad/sec (5921 rpm) and constant motor load torque of 11.5 
Nm (102 in-lb). The characteristics to be discussed for this cruise region are 
motor and controller efficiency (individually and combined), energy require- 
ments for the acceleration and cruise regions, and the effects of dc supply 
voltage variations. 

Efficiency . - The efficiency curves for the motor and controller together 
as a system and individually are shown in figures 20 to 22. The efficiencies 
are 72 percent for the motor controller system, 81 percent for the motor, and 
89 percent for the power inverter of the controller. These efficiencies are 
in reasonable agreement with the contractor's reported steady state results 
for the same speed and torque conditions. 

At this cruise condition the controller is operating in the quasi -square 
wave mode with minimum commutations per cycle and minimum commutation losses. 
The motor is also operating at a more favorable operating point where losses 
due to harmonics and magnetic core losses are lower than for PWM operation. 

Energy. - Energy required for the acceleration and cruise regions of the 
driving cycle was determined by integrating the instantaneous .battery power 
over these time intervals. Integration was performed by the data processing 
system from battery power wattmeter readings. The energy curve in figure 23 
shows the energy requirement to be 1.12 MJ (0.31 kWh). Implementation of brake 
blending in a vehicle application to utilize the regenerative braking capabil- 
ity of the controller and motor system will reduce the energy requirements per 
cycle by returning some of the vehicle kinetic energy to the battery. 

Supply voltage variations. - The nominal battery voltage for the func- 
tionaFcontroller is 120 V dc. Schedule D cycle tests with battery simulator 
supply voltages of 110 and 105 V were run to determine the effects on motor 
speed and motor controller system efficiency. The curves in figures 24 and 25 
show a 1.5-percent reduction in motor speed for the cruise region and a 
2-percent reduction in motor controller efficiency for the same region. The 
acceleration characteristic is not significantly affected by the lower volt- 
ages. The effects observed are considered to be reasonable. 



Maximum Acceleration to 88.5 km/hr (55 mph) 

This test was run to determine the propulsion system's maximum accelera- 
tion to a vehicle speed of 88.5 km/hr (55 mph) and the performance of key sys- 
tem parameters for this condition. The transaxle was set to the 8.22:1 overall 
gear ratio and the battery simulator power supply was used. Test results are 
shown in the series of curves in figures 26 to 31. 

Acceleration performance . - The motor speed response is shown in fig- 
ure 26. Motor speed corresponding to 88.5 km/hr (55 mph) in this gear ratio 
is 759 rad/sec (7250 rpm) and the acceleration time to this speed is 44.3 sec. 
This gives an average acceleration of 0.55 m/sec 2 (1.24 mph/sec) for the time 
interval. The maximum acceleration, however, during the first quarter of the 
interval is 1.34 m/sec 2 (3 mph/sec). This initial acceleration is not sus- 
tained due to motor current limiting to 325 A as shown in figure 27. Current 
limiting in this controller is implemented in the frequency circuits by con- 
trolling slip frequency. Figure 28 shows that the slip frequency is held at 
5.2 Hz to limit the motor current. 

Other key parameters from figures 29 and 30 are that the maximum developed 
motor torque is 87.6 Nm (775 in-lb) and the maximum motor shaft power is 39.5 
hp. These magnitudes approach the maximum levels of 101 Nm and 42.2 hp at a 
motor speed of 315 rad/sec (3008 rpm) reported by Gould but indicate there is 
some reserve for acceleration to an even higher vehicle speed. A top vehicle 
speed of 96.5 km/hr (60 mph) is a design goal for this controller. 

The motor which has a nominal rating of 10 hp can develop the short term 
peak torque and horsepower demands (in repeated testing) with no adverse ef- 
fects. The maximum battery and motor currents shown in figures 27 and 31 are 
on the order of 325 and 350 A, respectively. (Motor current is current limited 
and these are rms current values.) The power SCRs in the controller are rated 
for a continuous current of 250 A, rms. The SCRs also provide the short term 
maximum current demands with no adverse effects. 

Correlation with schedule D Acceleration. - The summary statement of the 
section on schedule D acceleration stated that in a system with adequate power 
capability, impedance to a desired response could be compensated for to a lim- 
ited extent by the operator. The motor speed response curve in figure 26 and 
the motor shaft power curve in figure 30 tend to confirm this statement. Fig- 
ure 26 shows that the motor accelerates the system to the schedule D require- 
ments (45 mph in 28 sec); a motor speed of 620 rad/sec (5920 rpm) corresponds 
to a vehicle speed of 72.4 km/hr (45 mph); and figure 30 shows that the peak 
motor power (current limited) for this acceleration is 39.5 hp. The calculated 
motor power required for linear acceleration of the test vehicle to the sched- 
ule D requirement is also 39.5 hp. 


COMPARISON OF POWER SOURCES 

The schedule D cycle was run with power from the battery and the battery 
simulator supplies to discern any major differences in performance due to the 
power supplies. Figures 32 and 33 show no major differences in motor speed 
response or inverter efficiency, but the acceleration time to cruise speed is 
slightly longer for the battery supply. The largest effect is the drop in 
battery terminal voltage due to its internal impedance as shown in figure 34. 



The battery simulator is a stiff, low impedance supply and maintains 120 V for 
nearly the entire cycle. The battery supply, however, shows a 30-V droop from 
its no load terminal voltage in the acceleration period and a 12-V droop dur- 
ing the cruise part of the cycle. The battery supply's internal impedance, de- 
termined from the voltage as a function of current characteristic curve in 
figure 35, is 0.10 ohm. The voltage characteristic of the battery supply is 
reflected in the applied motor voltage as shown in figure 36, and this in turn 
impacts motor output power during acceleration as shown in figure 37. The re- 
duced peak motor power with the battery supply accounts for the longer accel- 
eration time shown in figure 32. 


Comparison of Schedule B, C, and D Driving Cycles 

Although the functional model controller was designed to schedule D driv- 
ing cycle requirements, the propulsion system was also tested to the schedule 
B and C driving cycles mainly for additional performance information. The 
tests were run in the 8.22:1 overall gear ratio and dc power was obtained from 
the battery simulator supply. 

The motor speed response curves for the three driving cycle schedules are 
shown in figure 38. Comparisons of motor torque, battery current, and motor 
power are shown in figures 39, 40, and 41, respectively. The efficiency curves 
in figure 42 show a higher efficiency for schedule C cycle operation than for 
the schedule B cycle. The factors contributing to a higher C cycle efficiency 
are a higher operating power level and controller and motor operation with 
nearly quasi -square wave voltage waveforms at the higher motor speed. The 
controller and motor operate in the PWM mode throughout the entire schedule B 
cycle in this gear ratio. The above efficiency curves tend to verify that the 
functional model controller was designed to perform to the schedule D cycle. 


Effects of Gear Ratios on Schedule B Cycle Performance 

The propulsion system was operated over the schedule B driving cycle with 
the transaxle fixed for an overall gear ratio of 19.68:1. The B cycle perform- 
ance curves for an overall gear ratio of 8.22:1 are included in the following 
set of curves for comparative purposes. 

The motor speed response curve in figure 43 shows that motor speed is 659 
rad/sec (6297 rpm) in the cruise region of the cycle in this gear ratio. The 
larger torque multiplication of the higher gear ratio reduces peak motor torque 
requirements for acceleration by a factor of approximately 1.9 (fig. 44) and 
also reduces the corresponding peak motor current by a factor of approximately 
1.7 (fig. 45). In the 19.68:1 overall gear ratio the motor current reaches the 
current limit of 325 A set for the controller. The advantages provided by the 
19.68:1 overall gear ratio for schedule B cycle operation are that the con- 
troller passes through the higher loss PWM operating region quickly during 
acceleration and operates in the lower loss quasi-square wave operating mode 
during the cruise region of the cycle. This results in a substantial decrease 
in battery power (fig. 46) with a corresponding increase in motor controller 
efficiency (fig. 47). This result suggests that it may be desirable to use a 
two-speed transmission for schedule D cycle operation to increase efficiency 
and improve on overall performance. 
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Thermal Tests 

temperatures for t hnrh r puS erf J rmed t0 measure P ower inverter module and motor 
wts P keot ^nnsKnt b ^ h i^ M S q l! a ! 1 u~! quare wave operating modes. Motor loading 
ke J?z Con / S Jr^ at ! 5 h P for both tests. Motor speed was kept constant at * 
n?iL*i a c /SeC ( 250 ° rpm ) f ° r PWM operation and at 628 rad/sec (6000 rpm) for 
WaVe ° peration * The road load simulator was operated as a con- 
48 and 49.' dynamometer for the therma1 tests. Test results are shown in figures 

ture f TTes^^the romm/ .t \ The therm ^ CUrVGS in figure 48 show rapid tempera- 
the motor wind i nos The nni^ aPa r- t0r ’ l nverter module internal ambient, and 

tection^circuU^as 1 ^min^This^resuU^ PWM ^operat^n because 

foTThe h1°g n h rotor i a oad!" 9h ^ ^ m0t0r CUrrent U 3,50 hi9h at th1s s P eed 

.Qjjasi -square wave operating mode. - The thermal curves in figure 49 for 

quasi-square wave operation show considerably lower temperatures for the com- 
mutating capacitor and inverter internal ambient. TheTtemperatu^s result 

h *i gh er° mo t o r° s peecL 1 ° ° l0SS6S and l0Wer motor current at the same load but 

f _ Th e motor winding temperature shows a constant rate of temperature rise 

for the remainder^? the^t^Th^ t 5 en th . e f. ate be 9 ins to ta Per and decrease 
temDerat^rnf linoV 4 ?^ uS Th ® mot ? r winding temperature stabilizes at a 
temperature of 110 C in 1 hr for this load and speed condition. 


Operational Test Problems 

The problems encountered in the test program were of the nuisance tvDes 
Two are temperature-related and another Is the audio noise of the cSntroner! 
One temperature problem results from the tachometer and the other from the 
commutation circuit components. The audio noise results from the laminated 
core in the commutation transformer. 

fn th ^°!? eter ; ; J? e tachometer is an optical device with the encoder mounted 
to the motor end bell and the slotted disc mounted directly on the motor shaft 

wMrhTc 1C +T dUCt ° rS 1n A h u e encoder are rated for a temperature of only 50° C 
f r\2 l S „ th S !? Urce of the prob1em * Motor b eat conducted through the motor 

I fZJt „\ aft Ca i U ? 6S the encoder t0 skip speed feed back pulses. This creates 
a false negative slip regenerative braking condition that produced instability 
in motor torque and would blow the main bus fuses. P instability 

. Commutati on circuit components. - The thermal protection circuit in the 
controller is activated by temperatures sensed at various components of the 
commutation circuit. Operating test time for PWM testing walTllXd by the 
chntrin e 1 n ? omponent temperatures in the PWM operating mode. A temperature 
frfp ooin r t eqU a nH e ?h a waibin 9 pe ^ iod *>r component' temperatures to cooTbelow the 

testing.^’ d th controller squired manual restart of the logic to resume 
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Audio noise. - Audio noise, due mainly to the commutation transformer 
core, was present throughout testing. The noise level required the use of ear 
protectors. 


Phase II - Follow-On Design 

In a phase II follow-on program to redesign the functional model to an 
uprated engineering model controller, the power rating was increased approxi- 
mately 50 percent for diesel equivalent vehicle performance requirements, and 
the power circuitry was reconfigured to also function as an onboard, integral 
battery charger. The inverter module package was redesigned for smaller vol- 
ume, lighter weight, and better thermal management. The use of hockey-puck 
type SCRs enabled this redesign. Improved components were used to circumvent 
the problems discussed as test problems. These include 150° C rated semicon- 
ductors in the optical speed encoder, low-loss polypropylene capacitors in the 
commutation circuit, and powdered permalloy magnetic cores for the commutation 
transformers. The logic and control circuits were redesigned but only to the 
extent necessary to control and manage the battery -charging function. The en- 
gineering model is described in the contractor's final report D0E/NASA/0249- 
83/1, NASA-CR-168177. 


CONCLUDING REMARKS 

Road load simulator testing of the Gould phase I functional model con- 
troller demonstrated the feasibility of ac motor controllers with state-of-the- 
art power SCR semiconductors and microprocessor-based logic and control cir- 
cuits for electric vehicle propulsion systems. The dynamic test results show 
that this controller has the capability to meet the SAE-J227a schedule D driv- 
ing cycle requirements for a 1 567— kg (3456-lb) vehicle and to accelerate the 
vehicle to a cruising speed of 88.5 km/hr (55 mph). The regenerative braking 
capability of the controller (demonstrated in steady state tests) will facil- 
itate reduction in energy per cycle requirements for vehicles by returning 
braking energy to the battery. The motor and controller combined efficiency 
during the cruise region of the schedule D cycle is 72 percent and the effi- 
ciency of the inverter is 89 percent. These measurements are in agreement 
with the contractor's reported data. The observed performance improvements for 
schedule B driving cycle tests with a higher overall gear ratio of 19.68:1 sug- 
gests that a two-speed transmission may be beneficial for the schedule D and 
other driving cycle schedules. A phase II program for an engineering model of 
the functional model controller uprates the power level for the higher power 
diesel equivalent performance requirements and incorporates an onboard battery 
charger within the existing circuitry. The inverter module is redesigned for 
smaller size, lower weight, and improved thermal management. Improved commu- 

» tation circuit components and tachometer are used to alleviate thermal and 

audio noise problems. 

* The dynamic test results presented in this report provide a base for fur- 

ther development of ac motor controllers for ac propulsion systems for electric 
vehicles. Further improvements to alleviate the characteristic low-speed sta- 
bility problems of slip-controlled ac systems are desirable. 
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APPENDIX A 


SAE-J227a SCHEDULES B, C, AND D DRIVING CYCLES AND ROAD LOAD 

Driving cycles . - The schedule B, C, and D driving cycles are presented 
both in tabular and graphical form: Figure 50 and table II define the sched- 
ule D during cycle; figure 51 and table III define the schedule C driving 
cycle; and figure 52 and table IV define the schedule B driving cycle. 

Road load . - The road load simulator was adjusted to provide the road 
loading for a vehicle with the following characteristics and operating on a 
level road: 


Vehicle weight, kg (lb) ..... 1567 (3456) 

Tire radius, m (ft) 0.267 (0.875) 

Tire rolling resistance, kg/kg (lb/lb) of vehicle weight 0.0095 

Aerodynamic drag coefficient (Cd) . 0.046 

Frontal area, m 2 (ft 2 ) . i .82 (19.6) 

Air density (P), kg/m 3 (slug/ft 3 ) 1.226 (0.00238) 


The road load torque provided by the RLS for vehicle speeds up to 88.5 km/hr 
(55 mph) is shown by the characteristic road load curve in figure 53. The cor- 
responding road load torque reflected to the motor through the transaxle set 
for the overall gear ratio of 8.22:1 is shown in figure 54. The motor shaft 
horsepower required for the road loading is shown in figure 55. 



APPENDIX B 


STEADY STATE TEST RESULTS - CONSTANT TORQUE MOTORING MODE 

Steady state tests were run at constant motor load torque by operating the 
RLS as a conventional dynamometer. Torque loading was held constant by the RLS 
torque control loop, motor speed was varied by means of the accelerator poten- 
tiometer on the controller, and dc power was obtained from the battery simula- 
tor supply. 

Motor controller efficiency . - A composite set of curves of combined motor 
controller system efficiency as a function of motor speed for a range of con- 
stant torque loads is shown in figure 56. Torque loads ranged from 2.82 to 

16.95 Nm (25 to 150 in-lb) for a dc supply of 120 V, and from 16.95 to 59.3 Nm 

(150 to 525 in-lb) for a voltage of 132 V. Motor speed was varied from 0 to 
785 rad/sec (7500 rpm). The curves show a predominant inflection at light 
torque loading for a motor speed range from approximately 262 to 471 rad/sec 
(2500 to 4500 rpm). This speed range corresponds to the transition region de- 
scribed in the report where the controller's operating mode changes from PWM 
to quasi -square wave operation. The motor current and voltage waveform photo- 
graphs in figure 57 illustrate this transition. The upper traces in the pho- 
tographs are motor phase currents and the lower traces are motor line to line 
voltages. At a motor speed of 111 rad/sec (1060 rpm) the operating mode is 

PWM with many commutations per cycle, and at 523 rad/sec (4995 rpm) the oper- 

ation is quasi-square wave with only 2 turnoff commutations per half cycle. 

The transition interval is approximately at the midpoint at 368 rad/sec (3514 
rpm) and is nearly complete at 452 rad/sec (4316 rpm). Notches in the voltage 
waveforms result from the bus commutation technique to switch the power SCR 
semiconductors. 

The results in figure 56 conform with the results reported by the con- 
tractor in his final report, NASA CR-167919. The inflections correlate with 
the torque and power dips reported, and the efficiencies are in agreement with 
the efficiency map. 

Steady state characteristics at 34 Nm (300 in-lb) . - Steady state charac- 
teristic curves of individual parameters for a constant motor load torque of 
34 Nm (300 in-lb) and variable motor speed for a dc supply of 105 and 132 V are 
shown in figures 58 to 64. These curves provide some detail of the magnitudes 
of the individual parameters and the effects of the supply voltage. The fol- 
lowing parameters are shown as a function of motor speed in figures 58 to 64: 
inverter efficiency, motor efficiency, battery power, battery current, motor 
voltage, motor current, and slip frequency. 
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APPENDIX C 

STEADY STATE TEST RESULTS - CONSTANT SPEED MOTORING MODE 

Steady state tests were run at constant motor speed and variable motor 
torque loading by operating the RLS as a conventional dynamometer. Motor 
speed was held constant by the speed control loop of the RLS and torque was 
varied in discrete steps by the accelerator potentiometer in the controller, 
rest motor speeds varied from 35.6 to 785.3 rad/sec (340 to 7500 rpm) and the 
motor torque loads were varied to 70.6 Nm (625 in-lb). 

The test results are shown as a family of characteristic curves for each 
parameter. The following parameters presented in figures 65 to 70 are as fol- 
lows: motor controller combined efficiency, motor voltage, motor current, bat 
tery current, inverter output frequency, and slip frequency. 



APPENDIX D 


STEADY STATE TEST RESULTS - CONSTANT TORQUE 

Regeneration mode . - Steady state regenerative mode tests were run with 
the RLS operated as a conventional dynamometer. Direct current power for the 
controller and motor system was obtained from a battery supply that was ini- 
tially conditioned to a 40-percent state-of -charge level. Negative torque 
loading was held constant at discrete levels over a torque range of -16.9 to 
-59.3 Nm (-150 to -525 in-lb). Motor speed was varied over a speed range of 
161 to 785 rad/sec (1540 to 7500 rpm). Regeneration of the functional model 
controller is ineffective at motor speeds less than 161 rad/sec (1540 rpm). 

Motor controller efficiency . - A composite set of curves of combined motor 
controller system efficiency as a function of motor speed for the above range 
of negative torque loads is shown in figure 71. This set of curves shows the 
same inflection in the efficiency Curve at light loads that was obtained in 
the motoring mode (see appendix B) over the controller's transition interval 
from PWM to quasi-square wave operating mode. The individual efficiency curves 
overall are in agreement with the efficiency curves for the motoring mode of 
motor operation shown in appendix B. 

Family of curves . - Characteristic families of curves for the individual 
parameters are shown in figures 72 to 78. The following parameters are pre- 
sented: motor shaft power in kilowatts, motor voltage, motor current, battery 
current, battery voltage, battery power, and slip frequency. 
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TABLE I. - INSTRUMENT LIST 


Test parameter 


Symbol 


Instrument 


Battery voltage 
Motor voltages: 

Lines 1-2 
Lines 2-3 
Lines 3-1 
Battery current 
Motor currents: 

Phase l(.pi) 

P[ase 2 ftp 2 i 
Phase 3(q>3) 

Battery power: 

Inverter output power: 

Phase 1 
Phase 2 
Phase 3 

Inverter output frequency 

Motor slip frequency 

Motor rotor frequency 

Motor output torque 

Vehicle wheel torque 

Motor shaft speed 

Vehicle wheel rotational speed 

Commutating capacitor temperature 

Inverter Internal temperature (ambient) 

Motor temperature 

Motor temperature 

Motor temperature 


Fluke DVM, rms 


0-200 V 


VM(l-2) 

VM(2-3) 

VM(3-1) 

IB 


Coaxial shunt and fluke DVM, rms 250 amps, rms 


Clark-Hesse wattmeter 


Special 0/A circuit 
Special D/A circuit 
Lebow torque/speed meter 
Lebow torque meter 
Lebow torque meter 
Lebow torque/speed meter 
Lebow torque/speed meter 
Thermocouple 


Varies with shunt 


0-300 Hz 
0-10 Hz 

0-800 rpm and 0-300 Hz 

0-1000 in-lb 

0-9000 in-lb 

0-8000 rpm 

0-1000 rpm 

200° F 

200° F 

400° F 

400° F 

400° F 






TABLE II. - SCHEDULE D 


Time, 

sec 

Speed , 
mph 

Time, 

sec 

Speed, 

mph 

Time, 

sec 

Speed , 
mph 

0 

0 

25 

43.31 

91 

19.00 

1 

2.56 

26 

43.93 

92 

15.83 

2 

5.12 

27 

44.49 

93 

12.67 

3 

7.68 

28 

45.00 

94 

9.50 

4 

10.24 

29 

45.00 

95 

6.33 

5 

12.80 

30 

45.00 

96 

3.17 

6 

15.36 

— 


97 

0 

7 

17.79 

75 

45.00 

a 98 

0 

8 

20.08 

76 

45.00 

99 

0 

9 

22.24 

77 

45.00 

100 

0 

10 

24.28 

a 78 

45.00 



11 

26.20 

79 

43.53 

120 

0 

12 

28.01 

80 

42.33 

121 

0 

13 

29.72 

81 

41.33 

a l 22 

(b) 

14 

31.34 

82 

40.40 


15 

32.85 

83 

39.53 



16 

34.27 

84 

38.73 



17 

35.60 

a 85 

38.00 



18 

36.85 

86 

34.83 



19 

38.01 

87 

31.67 



20 

39.09 

88 

28.50 



21 

40.08 

89 

25.33 



22 

41.00 

90 

22.17 



23 

41.85 





24 

42.61 






a Denotes transition points from one mode to 
another (i.e., acceleration to cruise, etc.). 
Repeated cycle starting at 9 sec. 


TABLE III. - SCHEDULE C 


Time, 

sec 

Speed, 

mph 

Time, 

sec 

Speed, 

mph 

Time, 

sec 

Speed, 

mph 

0 

0 

21 

30.00 

54 

2.89 

i 

2.65 

-- 


a 55 

0 

2 

5.31 

37 

30.00 

56 


3 

7.97 

a 38 

30.00 

57 


4 

10.60 

39 

29.19 

58 


5 

13.05 

40 

28.45 

59 


6 

15.28 

41 

27.89 

60 


7 

17.33 

42 

27.40 

-- 



8 

19.18 

43 

26.98 

78 

0 

9 

20.89 

44 

26.59 

79 

0 

10 

26.98 

78 

26.27 

a 80 

(b) 

11 

23.83 

46 

26.00 


12 

25.08 

47 

23.11 



13 

26.21 

48 

20.22 



14 

27.20 

49 

17.33 



15 

28.07 

50 ! 

14.44 



16 

28.82 

51 

11.56 



17 

29.45 

52 

8.67 



a l 8 

30.00 

53 

5.78 



19 

30.00 





20 

30.00 






a Denotes transition points from one mode to 
another (i.e., acceleration to cruise etc.). 
°Repeat cycle starting at 9 sec. 
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Figure 1. - Electric vehicle propulsion system power stage configuration. 





Figure 2. - Sine triangle modulation strategy showing effect of changing triangle/ 
sine ratio parameter n. (For n = 9, the first significant motor harmonic is the 
17th ; for n = 27, this changes to the 53rd. Developed motor terminal voltage is 
independent of n but varies with the relative amplitudes of sine and triangle ref 
reference waveform$ 0 



(b) Medium ratio motor speed, 307 rpm. 


(a) High ratio motor speed, 240 rpm. 


(c) Low ratio motor speed, 1240 rpm. 

Figure 3. - Sine-triangle ratio and PWM pulse drive waveforms. 
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Figure 5. - Internal view of inverter and control modules. 
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Figure 11. - Motor speed as function of time for SAE-J227a schedule D 
cycle. Gear ratio, 8.22, 
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Figure 14. - Battery current as function of time for SAE- 
J227a schedule D cycle. Gear ratio, 8.22. 





Time, sec 

Figure 16. - Motor shaft power as function of time for SAE- 
J227a schedule D cycle. Gear ratio, 8,22. 
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Figure 17. - Slip frequency as function of time for SAE-227a 
schedule D cycle. Gear ratio, 8.22. 



Figure 18. - Motor excitation frequency as function of time 
for SAE-J227a schedule D cycle. Gear ratio, 8.22. 
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Figure 19. - Motor line voltage as function of time for SAE- 
J227a schedule D cycle. Gear ratio, 8.22. 





Figure 22. - In 
J227a schedu 



Figure 23. - Energy rei 
ule D cycle. Gear ral 
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Figure 26. - Motor speed as function of time for maximum vehicle accel- 
eration to 88.5 km/hr (55 mph). Gear ratio, 8. 22 . battery terminal 
voltage, 120 V. 
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Figure 27. - Motor current as function of time for maximum 
vehicle acceleration to 88. 5 km/hr (55 mph). Gear ratio, 
8.22; battery terminal voltage, 120 V. 
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Figure 33. - Effect of power sources on inverter efficiency for 
SAE-J 227a schedule D cycle. Gear ratio, 8. 22. 
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Figure 34 - Effect of power sources on d.c. input voltage 
for SAE-J227a schedule D cycle. Gear ratio, 8,22. 



Figure 35. - Voltage current characteristic of battery supply 
for SAE-J227a schedule D cycle. Gear ratio, 8. 22; battery 
supply's internal impedance (Zj nt ), 0. 10 ohm. 



Figure 36. - Effect of power sources on motor voltage for SAE- 
J227a schedule D cycle. Gear ratio, 8. 22. 
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Figure 37. - Effect of power sources on motor shaft power for 
SAE-J 227a schedule D cycle. Gear ratio, 8. 22. 












Time, sec 

Figure 42, - Motor controller system efficiency as function of 
time for SAE-J227a schedules B andC. Gear ratio, 8.22L 
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Figure 43. - Motor speed as function of time for two gear ratios for SAE 
J227a schedule B cycle. 




Figure 46. - Battery power as function of time for two gear 
ratios for SAE-J227a schedule B cycle. 



Figure 47. - Motor controller system efficiency as function of 
time for two gear ratios for SAE-J227a schedule B cycle. 



Figure 48. - Capacitor, inverter ambient, and motor temperatures as functions 
of time in PWM operating mode. Motor shaft power, 15 hp; motor speed, 

2500 rpm. 
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Figure 49. - Capacitor, inverter ambient, and motor temperatures as functions of time in 
quasi-square wave operating mode. Motor shaft power, 15 hp ; motor speeds, 6000 rpm. 
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Figure 50. - Schedule D driving cycle. Acceleration, 0to45mph, 28 sec ; 45 mph constant, 50$ec ; coast, 7 sec ; brake, 12 sec 
rest, 25 sec. 





Figure 53. - Road load characteristic of vehicle torque as function of vehicle ro- 
tational wheel speed. Gear ratio, 8. 22i tire radius, 0. 267 m (0. 875 ft); zero 
grade; battery terminal voltage, 120 V. 
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Figure 54 - Road load characteristic of motor torque as function of motor 
speed. Gear ratio, 8.22; tire radius, u. 267 m (0. 875 ft) ; zero grade; 
battery terminal voltage, 120 V. 
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(a) Motor speed; 1060 rpm. 
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(c) Motor speed; 4316 rpm. 


Figure 57. - Current and voltage waveforms illustrating transition from PWM 
traces denote voltage waveform. 
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(b) Motor speed; 3514 rpm. 



(d) Motor speed; 4995 rpm. 


quasi-square wave operation. Upper traces denote current waveform; lower 
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Figure 58. - Steady state characteristic of inverter 
efficiency as function of motor speed for constant 
motor torque. Motor torque, 34 Nm (300 in-lb). 
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Figure 59. - Steady state characteristic of motor effi- 
ciency as function of motor speed for constant 
motor torque. Motor torque, 34 Nm (300 in-lb). 
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Figure 62. - Steady state characteristic of motor voltage as 
function of motor speed for constant motor torque. Motor 
torque, 34 Nm (300 in-lb). 
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Figure 63. - Steady state characteristic of motor current as 
function of motor speed for constant motor torque. Motor 
torque, 34 Nm (300 in-lb). 
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Figure 65. - Steady state characteristic of motor controller 
efficiency as function of motor torque for constant motor 
speeds. Battery terminal voltage, 120 V. 
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Figure 66. - Steady state characteristic of motor voltage as 
function of motor torque for constant motor speeds. 
Battery terminal voltage, 120 V. 
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Figure 67. - Steady state characteristic of motor current as 
function of motor torque for constant motor speeds (SM). 
Battery terminal voltage, 120 V. 
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Figure 68. - Steady state characteristic of battery current as 
function of motor torque for constant motor speeds. 

Battery terminal supply, 120 V. 
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Figure 78. - Steady state characteristic of regeneration mode. 
Slip frequency as function of motor speed for constant neg- 
ative motor torque. 
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